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A B S T R A C T

Nitrite and H2O2 are long-lived species in cold atmospheric plasma and plasma-activated medium. It is known
that their synergistic interaction is required for selective apoptosis induction in tumor cells that are treated with
plasma-activated medium. This study shows that the interaction between nitrite and H2O2 leads to the formation
of peroxynitrite, followed by singlet oxygen generation through the interaction between peroxynitrite and re-
sidual H2O2. This primary singlet oxygen causes local inactivation of few catalase molecules on the surface of
tumor cells. As a consequence, H2O2 and peroxynitrite that are constantly produced by tumor cells and are
usually decomposed by their protective membrane-associated catalase, are surviving at the site of locally in-
activated catalase. This leads to the generation of secondary singlet oxygen through the interaction between
tumor cell-derived H2O2 and peroxynitrite. This selfsustained process leads to autoamplification of secondary
singlet oxygen generation and catalase inactivation. Inactivation of catalase allows the influx of H2O2 through
aquaporins, leading to intracellular glutathione depletion and sensitization of the cells for apoptosis induction
through lipid peroxidation. It also allows to establish intercellular apoptosis-inducing HOCl signaling, driven by
active NOX1 and finalized by lipid peroxidation through hydroxyl radicals that activates the mitochondrial
pathway of apoptosis. This experimentally established model is based on a triggering function of CAP and PAM-
derived H2O2/nitrite that causes selective cell death in tumor cells based on their own ROS and RNS. This model
explains the selectivity of CAP and PAM action towards tumor cells and is in contradiction to previous models
that implicated that ROS/RNS from CAP or PAM were sufficient to directly cause cell death of tumor cells.

1. Introduction

1.1. Cold atmospheric plasma (CAP) and plasma-activated medium (PAM)

Cold atmospheric plasma (CAP) and its liquid phase contain elec-
trons, photons, as well as superoxide anions, hydroperoxyl radicals,
H2O2, hydroxyl radicals, atomic oxygen, singlet oxygen, ozone, nitric
oxide, nitrogen dioxide, peroxynitrite, nitrite, nitrate, dichloride radi-
cals and hypochloride anions[1–4],

Promising antitumor effects of CAP and PAM in vitro and in vivo
have been studied in a very broad variety of tumor systems [reviewed
in Refs. [5–18]]. In most studies, CAP and PAM were found to selec-
tively cause cell death in malignant cells [reviewed in reference 1]. First
encouraging results of clinical application of CAP for tumor therapy
have been recently reported [19–21].

It has been recognized that among the many species contained in

CAP or its liquid phase, particularly H2O2 and nitrite have a good
chance to reach target cells that are covered by a layer of medium in
vitro, or to cross substantial barriers of biological material during tumor
treatment in vivo [22–26]. This is obviously not the case for highly
reactive, and therefore short-ranging species from the liquid phase of
CAP, such as peroxynitrite, ozone, hydroxyl radicals and singlet oxygen.

The long-lived and far-ranging molecular species H2O2 and nitrite
are also the major biologically relevant constituents of plasma-activated
medium (PAM) and plasma-activated buffer [27–32]. Girard et al. [28]
and Kurake et al. [29] already recognized that the specific antitumor
cell effect of PAM required the synergistic interaction between nitrite
and H2O2. They also suggested that the generation of peroxynitrite
through the reaction between nitrite and H2O2, following the reaction
described by Lukes et al. [33], might play a central role for the observed
biological effects. Their conclusions are in line with the suggestions by
Jablonowski and von Woedtke [31].
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As both CAP and PAM cause apoptosis induction in tumor cells in
vitro and in vivo [27–29,34–41], the combination of nitrite and H2O2

seems to be the lowest common denominator that is sufficient for se-
lective apoptosis induction in tumor cells in vitro and in vivo. However,
the mode of action towards tumor cells of these two relatively simple
compounds had remained enigmatic so far.

1.2. Redox-related elements on the membranes of nonmalignant and
malignant cells

The change from nonmalignant cells to transformed cells (early
stage of oncogenesis) and further on to tumor cells (late stage of on-
cogenesis) is associated with relevant changes of the redox elements on
the surface of these cells [42–50]. Malignant cells are distinguished
from nonmalignant cells by sustained expression of membrane-asso-
ciated NADPH oxidase (NOX1) [ [51–54], reviewed in Refs. [48–50]].
NOX1-derived superoxide anions and their dismutation product H2O2

are required by transformed cells for autocrine stimulation of pro-
liferation [51–54, reviewed in 48–50], Cells from late stage of onco-
genesis, i. e. bona fide tumor cells, express catalase and SOD on their
membranes, in addition to NOX1 [42,43,48–50,55–59]. Membrane-as-
sociated catalase protects the cells towards two NOX1-driven apoptosis-
inducing signaling processes, i. e. the HOCl and the NO/peroxynitrite
signaling pathway, which selectively eliminate malignant cells
[42,44,45,50,60–64]. Catalase interferes with both pathways, as it ef-
ficiently decomposes H2O2, and thus prevents HOCl synthesis, and in
addition oxidizes NO and decomposes peroxynitrite [42,48–50,64–67].
Membrane-associated SOD is required to prevent inhibition of catalase
by abundant NOX1-derived superoxide anions [49,59]. Despite high
local concentration of catalase on their membrane, tumor cells have
lower concentrations of intracellular catalase [summarized in
43].Tumor cells are also characterized by a high concentration of
aquaporins in their membrane [68].

This manuscript shows that the synergistic interaction between ni-
trite and H2O2 leads to the generation of low concentrations of primary
singlet oxygen, which causes local inactivation of membrane-associated
catalase. As a result, massive secondary singlet oxygen generation by
the tumor cells, driven by sustained action of their NOX1 and NOS leads
to inactivation of protective catalase and reactivation of intercellular
apoptosis-inducing signaling. Therefore, ROS/RNS interactions in CAP
and PAM are a specific trigger for tumor cells to contribute efficiently to
their own cell death, driven by the ROS/RNS related chemical biology.

2. Materials and methods

2.1. Materials

The NOX1 inhibitor 4-(2-Aminoethyl)benzenesulfonyl fluoride
(AEBSF), the aquaporin inhibitor AgNO3, the catalase inhibitor 3-ami-
notriazole (3-AT), the inhibitor of glutathione synthesis buthionine
sulfoximine (BSO), catalase from bovine liver, the hydroxyl radical
scavenger dimethylthiourea, the fast decaying NO donor dieethylamine
NONOate (DEA NONOate), glucose oxidase (GOX), the singlet oxygen
scavenger histidine, hydrogen peroxyide, the hydroxyl radical sca-
venger mannitol, the NOS inhibitor N-omega-nitro-L-arginine methy-
lester hydrochloride (L-NAME), the proton pump inhibitor omeprazole,
potassium nitrite, the HOCl scavenger taurine, Mn-SOD from E. coli,
were obtained from Sigma-Aldrich (Schnelldorf, Germany).

The peroxidase inhibitor 4-Aminobenzoyl hydrazide (ABH) was
obtained from Acros Organics (Geel, Belgium). Inhibitors for caspase-3
(Z-DEVD-FMK), caspase-8 (Z-IETD-FMK) and caspase-9 (Z-LEHD-FMK)
were obtained from R&D Systems (Wiesbaden-Nordenstadt, Germany).

Peroxynitrite and the peroxynitrite decomposition catalyst 5-, 10-,
15-, 20-Tetrakis(4-sulfonatophenyl)porphyrinato iron(III) chloride
(FeTPPS), were obtained from Calbiochem (Merck Biosciences GmbH,
Schwalbach/Ts, Germany).

The catalase mimetic EUK-134 [chloro([2,2'-[1,2-ethanediylbis
[(nitrilo-κN)methylidyne]]bis[6-methoxyphenolato-κO]]]-manganese
was a product of Cayman (Ann Arbor, Michigan, U.S.A.) and was ob-
tained from Biomol (Hamburg, Germany).

All small interfering RNAs (siRNAs) used in this study were obtained
from Qiagen (Hilden, Germany) and are described in detail under
Methods.

Detailed information on inhibitors has been previously published
[55,56,61,69,75]. The site of action of inhibitors and scavengers has
been presented in detail in the supplementary material of references
[69,75].

2.2. Cells and media for cell culture

The human gastric adenocarcinoma cell line MKN-45 (ACC 409)
(established from the poorly differentiated adenocarcinoma of the sto-
mach (medullary type) of a 62 year-old woman), was purchased from
DSMZ, Braunschweig, Germany. MKN-45 were cultured in RPMI 1640
medium, containing 10% fetal bovine serum (FBS).

Fetal bovine serum (Biochrom, Berlin, Germany) was heated for
30 min at 56 °C prior to use. Medium was supplemented with penicillin
(40 U/ml), streptomycin (50 μg/ml), neomycin (10 μg/ml), moronal
(10 U/ml) and glutamine (280 μg/ml). Care was taken to avoid cell
densities below 300 000/ml and above 106/ml.

Fig. 1. The effect of H2O2 on tumor cells. Human gastric carcinoma cells MKN-
45 were treated with increasing concentrations of H2O2 without further addi-
tions (control). Where indicated, assays received in addition either 2 mM of the
singlet oxygen scavenger histidine, 1 mM of nitrite or nitrate, a combination of
nitrite and histidine, or a combination of nitrite and 25 μM FeTPPS. All addi-
tions had been applied before addition of H2O2. The percentages of apoptotic
cells were determined after 2.5 h.
The results show that concentrations of 320 μM H2O2 and more caused apop-
tosis induction that was dependent on singlet oxygen generation, in line with a
previous report [47]. Lower concentrations synergized with nitrite, but not with
nitrate. The synergistic effect between H2O2 and nitrite seemed to depend on
singlet oxygen and peroxynitrite.
Statistical analysis: Apoptosis induction by H2O2, the synergistic effect between
H2O2 and nitrite, as well as inhibition of apoptosis induction by histidine and
FeTPPS were highly significant (p < 0.001). Nitrate caused no significant ef-
fect.
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2.3. Methods

2.3.1. Autocrine apoptosis induction by intercellular ROS signaling
Cells in complete medium were seeded in 96-well tissue culture

clusters at a density of 12 500 cells/100 μl. Reactivation of inter-
cellular apoptosis-inducing ROS signaling required inactivation of
membrane-associated catalase of tumor cells. Assays received the in-
dicated concentrations of nitrite, GOX, H2O2 or a a combination of
both, as indicated in the figures. In inhibitor studies, inhibitors were
either applied 10 min before GOX/nitrite or at the indicated times
after addition of GOX/nitrite. In all experiments, assays were per-
formed in duplicate. After the indicated time of incubation at 37 °C
and 5% CO2 that allowed intercellular ROS-mediated apoptosis in-
duction, the percentage of apoptotic cells was determined by inverted
phase contrast microscopy based on classical criteria for apoptosis as
described below.

2.4. Challenge with exogenous peroxynitrite for quantitation of membrane-
associated catalase activity of tumor cells

Treatment with exogenous peroxynitrite allows to quantitatively
monitor the activity of membrane-associated catalase as this enzyme
decomposes exogenous peroxynitrite, whereas intracellular catalase
cannot reach exogenous peroxynitrite before the compound attacks the
cell membrane [43]. After the indicated pretreatments at a density of
125 000 cells/ml, the cells were washed several times through cen-
trifugation and resuspension in fresh medium and then were seeded at a
density of 12 500 cells/100 μl. The cells 100 μl received 100 μM AEBSF
to prevent autocrine apoptosis induction and negative interference of
cell-derived H2O2 with peroxynitrite. Peroxynitrite was diluted in ice-

cold PBS immediately after controlled thawing and was rapidly applied
to the cells. This approach allows to focus on apoptosis induction by
exogenous peroxynitrite which is an indication for the inactivation of
membrane-associated catalase. Apoptosis criteria were used as defined
below.

2.5. Determination of the percentage of apoptotic cells

After the indicated time of incubation at 37 °C and 5% CO2, the
percentage of apoptotic cells was determined by inverted phase contrast
microscopy based on the classical criteria for apoptosis, i.e., nuclear
condensation/fragmentation or membrane blebbing [42,49,70,71,75].
The characteristic morphological features of intact and apoptotic cells,
as determined by inverted phase contrast microscopy have been pub-
lished [42,72–75]. At least 200 neighbouring cells from randomly se-
lected areas were scored for the percentage of apoptotic cells at each
point of measurement. Control assays ensured that the morphological
features ‘nuclear condensation/fragmentation’ as determined by in-
verse phase contrast microscopy were correlated to intense staining
with bisbenzimide and to DNA strand breaks, detectable by the TUNEL
reaction [61,72–74]. A recent systematic comparison of methods for the
quantitation of apoptotic cells has shown that there is a perfect co-
herence between the pattern of cells with condensed/fragmented nuclei
(stained with bisbenzimide) and TUNEL-positive cells in assays with
substantial apoptosis induction, whereas there was no significant nu-
clear condensation/fragmentation in control assays [74,75]. Further
controls ensured that ROS-mediated apoptosis induction was mediated
by the mitochondrial pathway of apoptosis, involving caspase-9 and
caspase-3 [63,74].

Fig. 2. The effect H2O2-generating glucose oxidase
(GOX) on tumor cells. MKN-45 cells received the in-
dicated concentrations of GOX, in the absence or
presence of 1 mM nitrite. In addition, as indicated,
histidine (2mM) or FeTPPS (25 µM) were added either
10 min before or 20 min after addition of GOX. The
percentages of apoptotic cells were determined after
2.5 hrs.
The results show that GOX, as expected, mimicked the
effect shown for H2O2 in the previous figure. They
also show that the singlet oxygen-mediated step at
very high concentrations of GOX and the singlet
oxygen-mediated step at lower concentrations of GOX
combined with nitrite were completed within short
time.
Statistical analysis: Apoptosis induction mediated by
GOX, the synergistic effect between GOX and nitrite,
as well as inhibition of apoptosis induction by histi-
dine or FeTPPS applied 10 min before GOX were
highly significant (p < 0.001). The differences of the
inhibitory effects by histidine dependent on the time
of their application were highly significant
(p < 0.001).
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2.6. Knockdown by treatment with specific small interfering ribonucleic
acids (siRNAs)

SiRNAs were obtained from Qiagen (Hilden, Germany).
The following siRNAs were used:
Control siRNA which does not affect any known target in human

and murine cells (siCo):
sense: r(UUCUCCGAACGUGUCACGU)dTdT.
antisense: CGUGACACGUUCGGAGAA)dTdT;

2.7. SiRNAs directed towards human NADPH oxidase-1 (NOX1)

custom-made siRNA directed towards NADPH oxidase-1 variant a
(siNOX1-a): target sequence: CCG ACA AAT ACT ACT ACA CAA.

sense: r(GAC AAA UAC UAC UAC ACA A)dTdT.
antisense: r(UUG UGU AGU AGU AUU UGU C)dGdG;
SiRNAs were dissolved in suspension buffer supplied by Qiagen at a

concentration of 20 μM. Suspensions were heated at 90 °C for 1 min,
followed by incubation at 37 °C for 60 min. Aliquots were stored at
−20 °C.

Before transfection, 88 μl of medium without serum and without
antibiotics were mixed with 12 μl Hyperfect solution (Qiagen) and the
required volume of specific siRNA or control siRNA to reach the desired
concentration of siRNA during transfection (the standard concentration
of siRNA was 10 nM for 208Fsrc3 cells). The mixture was treated by a
Vortex mixer for a few seconds and then allowed to sit for 10 min. It
was then gently and slowly added to 200 000 208Fsrc3 cells/well in
2.3 ml medium supplemented with 5% FBS and antibiotics (6-well

Fig. 3. Dependency of the synergistic effect on the
concentrations of GOX and nitrite|. MKN-45 cells
were treated with the indicated concentrations of
GOX and nitrite for 2.5 h and then the percentages of
apoptotic cells were determined.
The results show that the combination of GOX and
nitrite was required to obtain apoptosis induction in
the dose range chosen for the two compounds. They
also show that the dependency of apoptosis induction
on the concentration of GOX was sharper than that
obtained for nitrite.
Statistical analysis: The synergistic effects mediated
by GOX and nitrite were highly significant
(p < 0.001) at all concentrations of GOX and nitrite.
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plates). The cells were incubated at 37 °C in 5% CO2 for 24 h.
Transfected cells were centrifuged and resuspended in fresh medium at
the required density before use.

Determination of the efficiency of siRNA-mediated knockdown. The
siRNA transfection system as described above had been optimized to
allow a reproducible transfection efficiency of more than 95% of the
cells and to avoid toxic effects [Bauer, unpublished data).

The efficiency of knockdown by siNOX1 was based on determina-
tion of relative superoxide anion concentrations through a functional
SOD-dependent quantitative assay [62] and was more than 90%.

2.8. Statistics

Statistical analysis. In all experiments, assays were performed in
duplicate and empirical standard deviation were calculated. Absence of
standard deviation bars indicates that the standard deviation was too
small to be reported by the graphic program. Empirical standard de-
viations merely demonstrate reproducibility in parallel assays but do
not allow statistical analysis of variance. The experiments have been
repeated at least twice (with duplicate assays). The Yates continuity
corrected chi-square test was used for the statistical determination of
significances (p < 0.01 = significant; p < 0.001 = highly sig-
nificant).

3. Results

3.1. H2O2 and nitrite interact synergistically in the induction of apoptosis of
tumor cells

For the evaluation of potential synergistic effects between H2O2 and
nitrite or nitrate during apoptosis induction in malignant cells, in-
creasing concentrations of H2O2 were added to human MKN-45 gastric
carcinoma cells. The experiments were performed in the absence or
presence of 1 mM nitrite or nitrate, respectively. Where indicated, as-
says also received either the singlet oxygen scavenger histidine or the
peroxynitrite decomposition catalyst FeTPPS. As shown in Fig. 1, the

tumor cells were resistant to H2O2 up to a concentration of 160 μM.
Higher concentrations of H2O2 caused apoptosis induction in a con-
centration-dependent mode. Apoptosis induction by high concentra-
tions of H2O2 seemed not to be due to direct H2O2-dependent apoptosis
induction. It rather seemed to be mediated by singlet oxygen-dependent
step, as it was abrogated by the singlet oxygen scavenger histidine. This
finding is in line with the recently determined complex interaction
between relatively high concentrations of H2O2 and tumor cells, which
is based on H2O2-dependent inhibition of SOD, followed by superoxide
anion-dependent inhibition of catalase, generation of secondary singlet
oxygen, inactivation of protective catalase and reactivation of inter-
cellular apoptosis-inducing ROS/RNS signaling [47].

An initial concept for the action of CAP and PAM had been based on
the concept of triggering effects of CAP/PAM-derived species and
subsequent autoamplificatory reactions specifically of tumor cells
[1,46,76].

When nitrite was added together with H2O2, a substantial sy-
nergistic effect on apoptosis induction was observed, leading to
apoptosis induction in the presence of rather low concentrations of
H2O2 (Fig. 1). The synergistic effect between nitrite and H2O2 was
dependent on singlet oxygen generation and required the involve-
ment of peroxynitrite as an intermediate, as seen from the inhibitor
profile. In contrast to nitrite, nitrate caused no synergistic effect to-
gether with H2O2. Neither nitrite nor nitrate caused detectable
apoptosis-inducing effect when they were applied in the absence of
H2O2.

When H2O2 was generated steadily by the H2O2 generator glucose
oxidase (GOX), the same effects on tumor cells were observed as seen
before for bolus addition of H2O2 (Fig. 2). High concentrations of
GOX caused singlet oxygen-dependent apoptosis induction, in ana-
logy to the findings obtained with high concentrations of directly
added H2O2, as shown in the previous Fig. 1. Lower concentrations of
GOX synergized with nitrite in singlet oxygen- and peroxynitrite-de-
pendent apoptosis induction. The singlet oxygen-dependent step
seemed to be nearly completed within the first 20 min after addition
of GOX to assays containing nitrite. As GOX generates a constant flux
of H2O2 and allows to establish steady state conditions, whereas bolus
addition of H2O2 has the eminent problem of varying concentrations
during addition, the next experiments in this study were performed
with GOX H2O2 source.

The synergistic effect between H2O2 and nitrite was dependent on
the concentrations of the H2O2 generator GOX and on the concentration
of nitrite (Fig. 3). Thereby the concentration of the H2O2 generator
seemed to have a stronger determining effect than the concentration of
nitrite.

3.2. The kinetic analysis of apoptosis induction

Kinetic analysis confirmed that neither H2O2 nor nitrite alone in-
duced apoptosis in MKN-45 cells at the concentrations studied, whereas
their combination resulted in efficient synergistic apoptosis induction
(Fig. 4). Induction of apoptosis was characterized by an initial lag phase
of 60 min, followed by a linear increase in the percentage of apoptotic
cells with time.

This characteristic and reproducible kinetics was instrumental to
define the role of specific ROS/RNS at defined steps of this scenario.
The singlet oxygen scavenger histidine, the peroxynitrite decomposi-
tion catalyst FeTPPS, as well as caspase-8 inhibitor completely pre-
vented apoptosis induction by H2O2 and nitrite, provided these in-
hibitors had been added prior to GOX and nitrite (Fig. 5). Addition of
the inhibitors 30 min after addition of GOX and nitrite, or later, did no
longer allow inhibition of apoptosis. This finding points to a very early
singlet oxygen-, peroxynitrite- and caspase-8-dependent step. This step
seems to be completed already at 30 min after addition of GOX and
nitrite. The results obtained with the aquaporin inhibitor Ag+ indicated
that aquaporins also seem to play a dominant role relatively early in

Fig. 4. Kinetics of apoptosis induction mediated through the synergistic effect
between GOX and nitrite.
MKN-45 cells remained either untreated (control), or received either 0.05 mU/
ml GOX or 1 mM nitrite, as well as a combination of GOX and nitrite. The
percentages of apoptotic cells were determined kinetically.
The results show that neither GOX nor nitrite caused apoptosis induction when
applied alone. The kinetics of apoptosis induction in the presence of GOX and
nitrite was characterized by a lag phase of about 1 h, followed by constant
increase in apoptotic cells. Finally, the kinetics approached a plateau phase.
Statistical analysis: Apoptosis induction mediated by GOX and nitrite de-
termined all time points after 60 min was highly significant (p < 0.001),
whereas there was no significant apoptosis induction when GOX or nitrite were
applied alone.
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apoptosis induction. The aquaporin-dependent process seemed to be
nearly completed at 60 min after addition of GOX and nitrite. It thus
was clearly different from the singlet oxygen-dependent initial process
and seemed to extend into the beginning of the longer-lasting second
step of apoptosis induction.

A completely different inhibition profile was seen for the NOX1
inhibitor AEBSF, the HOCl scavenger taurine, the hydroxyl radical
scavenger mannitol and caspase-9 inhibitor. This group of inhibitors
still completely blocked apoptosis induction, when they had been added
as late as 60 min after addition of GOX and nitrite (Fig. 6). Even when
the kinetics of apoptosis induction had reached the point of 30%
apoptotic cells at 150 min, addition of these inhibitors still caused an
immediate block of further apoptosis induction. These findings in-
dicated that this group of inhibitors target ROS/RNS that are actually
involved during the late and longer-lasting stage of apoptosis induction
through intercellular HOCl signaling.

In line with formal logistics, inhibitors that acted at an early stage,
but not at a late one, pointed clearly to an involvement of their target in
an early process. However, it was not possible to clarify from this ap-
proach alone whether the inhibitors that acted at the late stage of the
process also had an inhibitory function during the early stage or not.
Therefore, completion of the picture required further analysis that in-
volved the dissection of the process into discrete steps.

3.3. Dissection of H2O2/nitrite-mediated apoptosis induction into
mechanistically defined steps: the concept

Completed studies on the control of intercellular ROS/RNS signaling
by membrane-associated catalase and its reactivation through singlet
oxygen-dependent processes [47,50,57,74] have shown that reactiva-
tion of NOX-driven apoptosis-inducing intercellular ROS/RNS signaling
requires the preceding inactivation of membrane-associated catalase of
tumor cells. It is then followed by intercellular ROS/RNS signaling,
ending with hydroxyl radical-mediated lipid peroxidation and the onset
of the mitochondrial pathway of apoptosis [47,50,57,63,64,74].
Therefore it seemed obvious that the short, initial singlet oxygen-de-
pendent step of nitrite/H2O2 action towards tumor cells, as seen in the
preceding kinetic analysis, might reflect inactivation of tumor cell
protective catalase. The longer-lasting subsequent step might then
comprise intercellular ROS/RNS signaling and the execution of the
mitochondrial pathway of apoptosis. The intermediate aquaporin-
mediated step might be related to the control of the intracellular glu-
tathione level through influx of extracellular H2O2 that is present in
abundance after catalase inhibition. The analysis of these three steps, i.
e. inactivation of catalase, aquaporine-mediated influx of H2O2 and
intercellular apoptosis-inducing signaling is outlined in the next sub-
chapters. This approach allowed to define the molecular species in-
volved in each single step and to finally propose a model of the

Fig. 5. Early signaling effects in GOX/nitrite-medi-
ated apoptosisi induction in tumor cells.
MKN-45 cells were treated with 0.05 mU/ml GOX
plus 1 mM nitrite in the absence or presence of the
singlet oxygen scavenger histidine (HIS) (2 mM), the
peroxynitrite decomposition catalyst FeTPPS (25
µM), caspase-8 inhibitor (25 µM) or the aquaporin
inhibitor Ag+ (5 µM). The inhibitors had either been
added 10 min before GOX/nitrite, or 30 min, 60 min
or 150 min after their addition. Apoptosis induction
was determined kinetically.The results show that
histidine, FeTPPS and caspase-8 inhibitor blocked an
early GOX/nitrite-mediated process that seems to be
completed within 30 min. The process inhibited by
Ag+ also seems to occur early, but required about 1 h
to be nearly completed.
Statistical analysis: Inhibition of GOX/nitrite-medi-
ated apoptosis induction by histidine, FeTPPS and
caspase-8 inhibitor was highly significant
(p < 0.001), when the inhibitors had been added
prior to GOX and nitrite, whereas there was no sig-
nificant inhibition when the inhibitors had been
added later. Inhibition of GOX/nitrite-mediated
apoptosis induction by Ag+ was highly significant
(p < 0.001), when the inhibitor had been added
10 min before or 30 min after GOX and nitrite, but
not when it had been added later.
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intercalated action of these steps.

3.3.1. Analysis of initial inactivation of membrane-associated catalase by
H2O2 and nitrite

Challenging of tumor cells with exogenous peroxynitrite allows to
specifically determine their degree of protection by membrane-asso-
ciated catalase in a quantitative way (Fig. 7). Any variation of in-
tracellular catalase does not contribute to the outcome of this test, as
peroxynitrite cannot pass the cell membrane without causing lipid
peroxidation and therefore its effective concentration cannot be
modulated by intracellular catalase. As shown in Fig. 8 A, the catalase
inhibitor 3-aminotriazole, our positive control, caused sensitization of
tumor cells for apoptosis induction through an exogenous peroxynitrite
challenge. Pretreatment of the tumor cells with either GOX or nitrite
did not cause sensitization for the peroxynitrite challenge above the
level of untreated control cells (Fig. 8 B). However, pretreatment with
the combination of GOX and nitrite sensitized the cells to the same
degree as 3-AT. Sensitization by GOX plus nitrite was completely pre-
vented when the singlet oxygen scavenger histidine had been present
during pretreatment. These findings allow to conclude that pretreat-
ment with H2O2 plus nitrite caused singlet oxygen-dependent in-
activation of membrane-associated catalase. A central and necessary
technical control shown in Fig. 8C ensured that the apoptosis-inducing
effect of the peroxynitrite challenge was indeed due to peroxynitrite
action, as addition of either the peroxynitrite decomposition catalyst

FeTPPS or of catalase, immediately before the peroxynitrite challenge,
caused complete abrogation of apoptosis induction. The inhibitory ef-
fect of the hydroxyl radical scavenger during the challenge step ensured
that peroxynitrite action depended on hydroxyl radicals. This is in line
with the formation of peroxynitrous acid in the vicinity of membrane-
associated proton pumps [50] and subsequent spontaneous decom-
position of peroxynitrous acid into hydroxyl radials and NO2.

Ensured through these initial controls, the test system based on
peroxynitrite challenge was therefore valid for determination of the
nature of ROS/RNS involved in the inactivation of membrane-asso-
ciated catalase after treatment with GOX and nitrite. Pretreatment with
GOX and nitrite was performed in the absence or presence of the in-
hibitors and scavengers shown in Fig. 9 A-C. After pretreatment, the
cells were washed and challenged with exogenous peroxynitrite. Fig. 9
A, B demonstrates that inactivation of membrane-associated catalase by
GOX and nitrite seemed to require the concerted interaction between
NOX-derived superoxide anions, H2O2, NOS-derived NO, peroxynitrite,
singlet oxygen, hydroxyl radicals and caspase-8, as it was inhibited by
AEBSF, EUK-134, L-NAME, FeTPPS, histidine, mannitol and caspase-8
inhibitor. The inhibitory effects of AEBSF and L-NAME pointed to a
determining role of NOX1 and NOS in this biochemical process. In-
activation of catalase did not require the presence of HOCl or the ac-
tivity of peroxidase, as taurine and ABH caused no inhibitory effect
(Fig. 9 B). As outlined under Discussion, the knowledge of the species
involved in catalase inactivation allowed to draw a reaction scheme for

Fig. 6. Late signaling effects in GOX/nitrite-medi-
ated apoptosis induction in tumor cells.
MKN-45 cells were treated with 0.05 mU/ml GOX
plus 1 mM nitrite in the absence or presence of the
NOX1 inhibitor AEBSF (100 µM), the HOCl sca-
venger taurine (50 mM), the hydroxyl radical sca-
venger mannitol (20 mM) or caspase-9 inhibitor (25
µM). The inhibitors had either been added 10 min
before GOX/nitrite, or 30 min, 60 min or 150 min
after their addition. Apoptosis induction was de-
termined kinetically.The result show that all four
inhibitors blocked a late signaling effect, most likely
HOCl signaling and subsequent mitochondrial
pathway of apoptosis. Even if the inhibitors had been
added at 150 min, they still caused immediate block
of apoptosis induction. The slight decrease of the
percentage of apoptotic cells after inhibitor addition
at 150 min is due to fragility of apoptotic cells as well
as phagocytosis by still surviving neighbouring cells.
Statistical analysis: Inhibition of GOX/nitrite-medi-
ated apoptosis induction by all four inhibitors was
highly significant (p < 0.001), when the inhibitors
had been added 10 min before or 30 or 60 min after
GOX/nitrite. Addition of the inhibitors 150 min after
GOX and nitrite caused significant inhibition
(p < 0.01).
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the processes that starts with the interaction between H2O2 and nitrite
and seems to be executed by singlet oxygen. The whole process is
completed within less than 30 min.

The validity of these conclusions was dependent on the ensurance
that inhibitors that were present during preincubation of the cells were
completely removed during the washing steps, and therefore could not
interfere with the peroxynitrite challenge later on. As FeTPPS acts
catalytically, it represents the most effective and therefore potentially
problematic tool in this respect. As shown in Fig. 10 A, FeTPPS added
after preincubation of the cells, but before the washing step, only had a
minor negative effect on the subsequent challenging step by peroxyni-
trite. Therefore, the washing step was proven to be sufficient to remove
the inhibitor from the test system. Any substantial interference of in-
hibitors used during preincubation with the challenging step is there-
fore excluded through the washing step, provided the inhibitors act in a
reversible mode.

Differential addition of caspase inhibitors was used to dissect the
role of caspases during enhancement of signaling and for the mediation
of cell death by the PON challenge. As shown in Fig. 10 B, the presence
of caspase-8 inhibitor during pretreatment of the cells with GOX and
nitrite prevented catalase inactivation, but its presence during and after
the PON challenge did not interfere with apoptosis induction. In con-
trast, addition of caspase-9 inhibitor immediately before the PON
challenge prevented subsequent apoptosis induction. These findings
allow to dissect the effects of caspase-8 and caspase-9. The action of
caspase-8 seems to be specifically related to the control of early sig-
naling events involved in catalase inactivation, but not directly to ex-
ecution of apoptosis. In contrast,caspase-9 seems to mediate the mi-
tochondrial pathway triggered by PON.

3.3.2. Analysis of reactivated intercellular apoptosis-inducing signaling
after initial inactivation of membrane-associated catalase by H2O2 and
nitrite

The experimental confirmation of inactivation of membrane-asso-
ciated catalase by a short preincubation with GOX and nitrite, as shown
in chapter 3.3.1 was the basis for a subsequent study of the mechanistic
details of intercellular signaling events that are following catalase in-
activation. For this purpose, tumor cells were pretreated with GOX and
nitrite for 25 min, washed and then subjected to further incubation in
the absence or presence of selected relevant inhibitors. As shown in
Fig. 11 A, apoptosis induction required pretreatment with GOX and
nitrite before the washing step. Treatment with either GOX or nitrite
alone was without significant effects. Apoptosis-inducing signaling after
pretreatment with GOX and nitrite required superoxide anions, H2O2,
peroxidase, HOCl, hydroxyl radicals, aquaporins, caspase-9 and cas-
pase-3, as determined from the inhibitor profile This is indicative for
the preferential establishment of the HOCl signaling pathway followed
by the mitochondrial pathway of apoptosis [44,63]. Aquaporins also
seem to be absolutely essential for this step, as silver ions caused
complete inhibition of apoptosis. In contrast, singlet oxygen, NO,

peroxynitrite and caspase-8 did not seem to contribute to apoptosis-
inducing signaling after pretreatment of MKN-45 tumor cells with GOX
and nitrite. The strong and selective reactivation of the HOCl signaling
pathway points to a rather efficient inactivation of catalase, as HOCl
synthesis requires the presence of substantial concentrations of H2O2

[42].
The presence of substantial concentrations of H2O2 and HOCl during

HOCl signaling exert a strong negative impact on NO/peroxynitrite
signaling [45]. This explains the lack of NO/peroxynitrite signaling in
the experiment described in Fig. 11 A. When, however, the con-
centration of NO was increased through the addition of an exogenous
NO donor to GOX/nitrite-pretreated cells, HOCl signaling seemed to be
completely suppressed and NO/peroxynitrite signaling was now pro-
minent as the dominating cause for apoptosis-inducing signaling
(Fig. 11 B). NO/peroxynitrite signaling required superoxide anions,
peroxynitrite and hydroxyl radicals. As the required NO was derived
from the NO donor, inhibition of NOS by L-NAME had no inhibitory
effect. High concentrations of catalase (1000 U/ml) were required for
inhibition of NO/peroxynitrite signaling. Like HOCl signaling, NO/
peroxynitrite signaling was under tight control by aquaporins and was
mediated through the mitochondrial pathway of apoptosis, utilizing
caspases-9 and -3. It was independent of caspase-8. Suppression of
HOCl signaling in the presence of the NO donor was seen by the lack of
inhibition through taurine, ABH and EUK-134.

As GOX and nitrite had been removed before the analysis shown in
Fig. 11 A and B, all molecular species (except NO) involved in the
signaling processes studied must have been derived from the tumor
cells or generated through interaction between tumor cell derived
species.

3.3.3. The role of aquaporins for apoptosis induction mediated by H2O2 and
nitrite

The kinetic analysis of apoptosis induction after combined action of
GOX and nitrite had shown that aquaporins seem to play a dominant
role in the time window after singlet oxygen-dependent inactivation of
protective catalase and before execution of intercellular ROS/RNS-de-
pendent apoptosis-inducing signaling (please see Fig. 6). This finding
led to the working hypothesis that aquaporine-dependent influx of
H2O2 after local inactivation of protective catalase might have an effect
on the intracellular glutathione level. This might then interfere with a
glutathione/glutathione peroxidase-4-dependent counteraction to-
wards apoptosis induction triggered by hydroxyl radical-mediated lipid
peroxidation [77]. To address this question, the glutathione level in
tumor cells was lowered by either inhibiting glutathione synthase
through BSO [78] or inhibiting the cysteine-glutamate transporter
sulfasalazine [79]. Tumor cells were pretreated for 14 h in the presence
of 50 μM BSO, or 100 μM sulfasalazine, or without additions. They were
then treated with GOX, nitrite or a combination of both, in the presence
or absence of the aquaporin inhibitor Ag+(5µM). As shown in Fig. 12,
apoptosis induction mediated by the combination of GOX and nitrite in

Fig. 7. Determination of the inactivation of membrane-associated catalase through a peroxynitrite challenge: the principle
A. Protection of tumor cells towards exogenous peroxynitrite
Tumor cells are characterized by expression of membrane-associated catalase (#1). In addition, they possess intracellular (peroxisomal) catalase (#2). Due to their
malignant state, tumor cells express membrane-associated NADPH oxidase-1 (NOX1) that generates extracellular superoxide anions (#3). Intracellular NO synthase
(NOS) generates NO that passes through the membrane (#4). Membrane-associated catalase decomposes exogenously added peroxynitrite [“peroxynitrite chal-
lenge”] (#5), peroxnitrite generated by the tumor cells (#6), and H2O2 derived from dismutation of NOX1-derived superoxide anions (#7). The addition of AEBSF
immediately before the peroxynitrite challenge prevents the formation of cell-derived peroxynitrite and of cell-derived H2O2. The presence of AEBSF thus allows to
focus on the effects induced specifically by exogenous peroxynitrite at defined concentrations and in addition prevents the side reaction between peroxynitrite and
H2O2. Distant of the membrane a certain concentration of peroxnitrite is lost through reaction with CO2 (#10).
B. Sensitization of tumor cells for peroxynitrite action after inactivation of their membrane-associated catalase.
When membrane-associated catalase has been inactivated in a step preceding the peroxynitrite challenge, exogenous peroxnitrite is no longer decomposed and has a
chance to get protonated by membrane-associated proton pumps (#1). The resultant peroxynitrous acide readily decomposes into NO2 and hydroxyl radicals (#2).
Hydroxyl radicals cause lipid peroxidation (LPO) (#3), which triggers apoptosis induction through the mitochondrial pathway of apoptosis (#4). The presence of the
NOX inhibitor AEBSF during the PON challenge prevents consumption of hydroxyl radicals by H2O2 (#5) as well as generation of cell-derived peroxynitrite (#6).
In contrast to membrane-associated catalase, intracellular catalase does not affect apoptosis induction by exogenous peroxynitrite, as it cannot reach the substrate.

G. Bauer Redox Biology 26 (2019) 101291

9



control tumor cells started after a lag phase of 1 h and was completely
blocked by the aquaporin inhibitor. In line with previous results, ap-
plication of either GOX or nitrite alone did not cause apoptosis induc-
tion in these cells. Cells pretreated with either BSO (Fig. 12 B) or sul-
fasalazine (Fig. 12C) responded to the combination of GOX and nitrite
without the lag phase that was characteristic for the reaction of control

Fig. 8. Treatment of tumor cells with GOX/nitrite causes inactivation of
membrane-associated catalase.
A: MKN-45 cells remained untreated or received 25 mM 3-AT;
B: MKN-45 cells remained untreated or where treated with 0.05 mU/ml GOX, or
1 mM nitrite, 0.05 mU/ml GOX +1 mM nitrite, or GOX/nitrite plus 2 mM
histidine for 25 min. The cells were then subjected to three washing cycles and
resuspended in fresh medium.
Cells treated according to A and B received 100 μM AEBSF and were then
challenged with the indicated concentrations of peroxynitrite. The percentage
of apoptotic cells were determined after 2 h .
C: MKN-45 cells remained untreated or were pretreated with 0.05 mU/ml GOX
plus 1 mM nitrite for 25 min. The cells were subjected to three cycles of washing
and were then resuspended in fresh medium, containing 100 μM AEBSF. Some
assays that had been pretreated with GOX/nitrite received either 100 U/ml
catalase, or 25 μM FeTPPS or 20 mM mannitol before the peroxynitrite chal-
lenge. All assays were challenged with the indicated concentrations of per-
oxnitrite. The percentages of apoptotic cells were determined after 2 h.
These results show that pretreatment with GOX plus nitrite, but not with GOX or
nitrite alone, caused the same degree of catalase inactivation as application of the
catalase inhibitor 3-AT. Catalase inactivation by GOX/nitrite seemed to be
mediated by singlet oxygen. Part C ensures that apoptosis induction through a
challenge with exogenous peroxynitrite was indeed due to the action of perox-
ynitrite, as it was prevented through the presence of catalase, FeTPPS or mannitol
during the challenge. Catalase and FeTPPS decompose peroxynitrite and man-
nitol scavenges hydroxyl radicals that are released from peroxynitrous acid [42].
Statistical analysis: Apoptosis induction in the presence of peroxynitrite and ei-
ther 3-AT or GOX/nitrite was highly significant (p < 0.001), whereas there was
no significant apoptosis induction by GOX or nitrite applied alone. The depen-
dence of apoptosis induction on the concentrations of peroxynitrite applied was
highly significant (p < 0.001) for the difference between no peroxynitrite/
25 μM peroxynitrite and 25 μM peroxynitrite/50 μM peroxynitrite (in the pre-
sence of either 3-AT or GOX/nitrite), whereas the difference between 50 μM and
100 μM peroxynitrite was not significant.All inhibitors used in this experiment
caused highly significant (p < 0.001) inhibition of peroxynitrite-mediated
apoptosis induction after pretreatment of the cells with GOX/nitrite.

Fig. 9. Biochemical mechanism of catalase inactivation by GOX/nitrite.
MKN-45 cells were not pretreated or were pretreated with 0.05 mU/ml GOX
plus 1 mM nitrite without further inhibitors or in the presence of 2 mM of the
singlet oxygen scavenger histidine, 100 μM of the NOX1 inhibitor AEBSF,.
25 μM of the catalase mimetic EUK-134, 25 μM caspase-8 inhibitor, 2.4 mM of
the NOS inhibitor L-NAME, 25 μM of the peroxynitrite decomposition catalyst
FeTPPS, 20 mM of the hydroxyl radical scavenger mannitol, 150 μM of the
peroxidase inhibitor ABH, 50 mM of the HOCl scavenger taurine. After pre-
incubation for 25 min, all assays were washed three times and resuspended in
fresh medium plus 100 μM AEBSF. Peroxynitrite was added at the indicated
concentrations. The percentages of apoptotic cells were determined after 2 h.
The results confirm that pretreatment of tumor cells with GOX/nitrite in-
activated membrane-associated catalase through a biochemical mechanism that
seemed to involve singlet oxygen, NOX1-derived superoxide anions, H2O2,
caspase-8, NOS-derived NO, peroxynitrite and hydroxyl radicals, whereas it was
independent of peroxidase activity and HOCl.
Statistical analysis: Apoptosis induction mediated by peroxynitrite in GOX/ni-
trite-pretreated cells was highly significant (p < 0.001). The presence of his-
tidine, AEBSF, EUK-134, caspase-8 inhibitor, L-NAME, FeTPPS, or mannitol
caused highly significant inhibition of apoptosis induction (p < 0.001),
whereas the presence of taurine or ABH during pretreatment caused no sig-
nificant inhibitory effect.
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cells. In contrast to the reaction of control cells, apoptosis induction in
BSO- or sulfasalazine-pretreated cells was independent on the action of
aquaporins, as shown by the only minor inhibitory effect of the aqua-
porin inhibitor Ag+. Apoptosis induction after combined application of
GOX and nitrite was dependent on superoxide anions and HOCl in
control tumor cells, as well as in tumor cells pretreated with either BSO
or sulfasalazine. This was seen by the strong inhibitory effect of AEBSF
and taurine for all combinations of treatment, including BSO- or sul-
fasalazine-pretreated cells in the presence of Ag+ (Fig. 13). These
findings show that apoptosis induction after GOX/nitrite treatment is
mediated by the HOCl signaling pathway, irrespective of the in-
tracellular glutathione level. However, in tumor cells with lowered
glutathione level, an influx of H2O2 through aquaporins seems not to be
necessary for the activation of the apoptosis-inducing pathways, in
contrast to glutathione-competent control tumor cells. These findings
show that aquaporins control a dominant step during apoptosis in-
duction mediated by H2O2 and nitrite. This step becomes effective after
singlet oxygen-dependent inactivation of membrane-associated catalase
and cooperates with the subsequent step of intercellular ROS-dependent
apoptosis-inducing signaling.

3.4. Establishment for criteria that allow apoptosis induction by long-lived
species from CAP or PAM selectively in tumor cells

Analysis performed previously has shown that nonmalignant cells
are more sensitive to apoptosis induction by H2O2 than tumor cells, as
they lack membrane-associated catalase [42,43]. From these data it is
predictable that apoptosis induction in tumor cells through establish-
ment of a synergistic effect between H2O2 and nitrite can only be se-
lective for tumor cells when the H2O2 concentration is below a con-
centration that would endanger the survival of nonmalignant cells. The
purpose of this chapter is to define the criteria for selective apoptosis
induction in tumor cells under consideration of these interactions.

We took advantage of our finding that NOX1 activity controls ex-
pression of membrane-associated catalase of tumor cells through H2O2,
the dismutation product of NOX1-derived superoxide anions [43].
SiRNA-mediated knockdown of NOX1 after 24 h or inhibition of NOX1
over 14 hs therefore also causes reduction of catalase activity below
detectability. This is achieved by lack of further catalase expression as
well as high turnover of preexisting catalase on the cells [43]. Tumor
cells with knockdown of NOX1 or persistent inhibition of NOX1, fol-
lowed by dramatic decrease of their membrane-associated catalase,

Fig. 10. Control assays related to catalase inactiva-
tion by GOX/nitrite.
A. MKN-45 cells remained either untreated (control,
open circle) or were pretreated with 0.05 mU/ml
GOX plus 1 mM nitrite for 25 min (open square),
before they were subjected to three cycles of
washing, resuspended in fresh medium + 100 μM
AEBSF, and challenged with the indicated con-
centrations of peroxynitrite. In addition, assays were
pretreated with GOX/nitrite in the presence of 25 µM
FeTPPS (closed square, “(GOX + Nitr.) + FeTPPS/
W/PON)”), or pretreated for 25 min with GOX/ni-
trite, and then FeTPPS was added before the washing
step (closed crosses, (GOX + Nitr.)/FeTPPS/W/
PON)), or FeTPPS was added to cells that had been
pretreated with GOX/nitrite for 25 min and had been
washed, immediately before the PON challenge
(closed triangles; (GOX + Nitr.)/W/FeTPPS/PON.
The percentages of apoptotic cells were determined
after 2 h. The results confirm that treatment with
GOX/nitrite caused inactivation of membrane-asso-
ciated catalase of tumor cells. The presence of the
peroxynitrite decomposition catalyst FeTPPS during
GOX/nitrite pretreatment prevented inactivation of
catalase, as it prevented the generation of singlet
oxygen. The presence of FeTPPS during the perox-
ynitrite challenge prevented apoptosis induction, as
it decomposed the challenging peroxynitrite. FeTPPS
added after preincubation, but before washing only
had a minor effect on apoptosis induction. This de-
monstrates that the washing step was efficiently re-
moving the scavenger.
B. Part B was performed in an analogous mode as
part A, but was focusing on the role of caspases for
the inactivation of catalase.
Inactivation of catalase by pretreatment with GOX/
nitrite was prevented when caspase-8 inhibitor (25

µM) had been present during pretreatment (closed crosses, (GOX + Nitr.) + CASP-8 INH/W/PON), whereas caspase-8 inhibitor was without effect when it was
added after preincubation with GOX/nitrite, but before the peroxynitrite challenge (open crosses). The addition of 25 µM caspase-9 inhibitor after preincubation, but
before the peroxynitrite challenge, completely prevented apoptosis induction (closed diamonds).
These data confirm that caspase-8 played a role during inactivation of catalase by GOX/nitrite, but not for peroxynitrite-mediated cell death, whereas caspase-9 was
involved in cell death through the mitochondrial pathway of apoptosis.
Statistical analysis: A: The presence of FeTPPS either during pretreatment of the cells with GOX/nitrite or during the peroxynitrite challenge caused highly significant
inhibition of apoptosis (p < 0.001), whereas the application of FeTPPS immediately before the washing step that followed preincubation with GOX/nitrite did not
cause significant inhibition. B:Application of caspase-8 inhibitor during pretreatment with GOX/nitrite caused highly significant inhibition of apoptosis induction
(p < 0.001), whereas its application immediately before the peroxynitrite challenge did not cause significant inhibition. In contrast, the presence of caspase-9
inhibitor during the peroxxynitrite challenge caused significant inhibition.
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therefore represent control cells that are genetically identical to the
tumor cells, but lack the two essential redox-related elements of tumor
cells, i. e. active NOX1 and membrane-associated catalase activity.

Fig. 14 shows that tumor cells pretreated with irrelevant control
siRNA showed the pattern to be expected from the previous experi-
ments when they were treated with GOX in the absence or presence of
nitrite. There was relatively strong resistance towards apoptosis in-
duction mediated by H2O2, but a very prominent synergistic effect
between H2O2 and nitrite. Both processes were completely prevented
when NOX1 was inhibited by AEBSF. In contrast, MKN-45 cells with
knockdown of NOX1 (“siNOX1”) and subsequent loss of membrane
associated catalase activity, were more sensitive to H2O2 alone than the
corresponding wildtype tumor cells. Furthermore, the cells with NOX1
knockdown did not allow to establish the synergistic effect between

H2O2 and nitrite. Thus the siNOX-treated tumor cells showed the phe-
notype of nonmalignant cells, with respect to increased sensitivity for
apoptosis induction by H2O2 and with lack of response to the synergistic
effect of low concentrations of H2O2 and nitrite. This allowed to define
a window of H2O2 concentrations that, together with nitrite caused
apoptosis induction in tumor cells, but did not affect the cells with the
nonmalignant phenotype. This finding was fully confirmed when MKN-
45 cells had been pretreated with the NOX1 inhibitor AEBSF for 14 h
and the inhibitor had remained present during the analysis (Fig. 15).
Cells treated in this way showed the phenotype of NOX1-negative,
catalase-negative control cells and were not affect by GOX below 0.002
mU/ml plus nitrite, whereas the same concentrations of these two
compounds established a strong apoptosis-inducing effect on tumor
cells.

Fig. 11. Pretreatment with GOX/nitrite reactivates
intercellular ROS/RNS-mediated apoptosis-inducing
signaling
A. MKN-45 cells remained untreated, or where pre-
treated for 25 min with either 0.05 mU/ml GOX,
1 mM nitrite, or the combination of GOX and nitrite.
The assays were subjected to three cycles of washing
and resuspended in fresh medium. Cells that had
been pretreated with GOX/nitrite remained without
inhibitors or received the indicated inhibitors/sca-
vengers. The percentages of apoptotic cells were
determined after 3.5 h of incubation.
B. The experiment was performed as described under
A. After addition of the inhibitors had been com-
pleted, all assays described under B received 0.5 mM
of the NO donor DEA NONOate. The percentages of
apoptotic cells were determined after 3 h. The con-
centrations of most inhibitors can be found in the
legend to Figure 9, except for SOD (100 U/ml), the
hydroxyl radical scavenger dimethyl thiourea
(DMTU) (20 mM) and the aquaporin inhibitor Ag+

(5 µM). Caspase-8 and caspase-9 inhibitors were
applied at 25 µM, caspase-3 inhibitor at 50 µM.
The results obtained in part A show that treatment of
tumor cells with GOX/nitrite reactivated inter-
cellular apoptosis inducing signaling through the
HOCl signaling pathway and executed by caspase-3
and -9, as apoptosis was dependent on superoxide
anions, H2O2, peroxidase, HOCl, hydroxyl radicals,
caspase-9 and caspase-3, whereas NO, peroxynitrite,
singlet oxygen and caspase-8 play no role.
In the presence of the NO donor, signaling was shifted
to NO/peroxynitrite signaling on the expense of HOCl
signaling, as H2O2, peroxidase, HOCl were no longer
required for apoptosis induction, but signaling was
driven by superoxide anions, peroxynitrite and hy-
droxyl radicals. As NO was supplied by the NO donor,
inhibition of NOS was without effect. NO/peroxyni-
trite-dependent apoptosis inducing signaling did not
involve singlet oxygen. It was also independent of
caspase-8, but is mediated by caspases-3 and -9.
HOCl-as well as NO/peroxynitrite-dependent apop-
tosis-inducing signaling were prevented when aqua-
porin function was inhibited by Ag+.
Statistical analysis: Pretreatment of tumor cells with
GOX/nitrite caused highly significant apoptosis in-
duction (p < 0.001) after subsequent incubation.
A: Inhibition of apoptosis induction by all inhibitors/
scavengers except L-NAME, FeTPPS, histidine, cas-
pase-8 inhibitor was highly significant (p < 0.001).
B: Inhibition of apoptosis induction by all inhibitors/
scavengers except 100 U/ml catalase, EUK-134, ABH,
taurine, L-NAME, histidine and caspase-8 inhibitor
was highly significant (p < 0.001).
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4. Discussion

These data show that the synergistic effect between nitrite and H2O2 is
the key for selective apoptosis induction in tumor cells after application
of CAP or PAM.

As sole application of nitrite to tumor cells did not cause apoptosis
induction, the established interference of nitrite with the catalytic cycle
of tumor cell protective catalase [80] is therefore obviously not suffi-
cient to trigger the biochemical steps that lead to apoptosis induction
after application of CAP or PAM. As it was confirmed that sole appli-
cation of H2O2 caused apoptosis induction in nonmalignant cells at
much lower concentrations than required for tumor cells, the effect of
H2O2 alone can also not explain selective action of CAP or PAM towards
tumor cells. The higher resistance of tumor cells towards exogenous
H2O2 is explained by the protective function of their membrane-asso-
ciated catalase [42,43].

Our data and conclusions are in excellent agreement with the pre-
vious findings by Kurake et al. and Girard et al. [28,29], who showed

that the synergistic effect between PAM-derived H2O2 and nitrite is
necessary for its selective antitumor effect. Kurake et al., 2016 and
Girard et al., 2016 also suggested that peroxynitrite was generated
through the interaction between H2O2 and nitrite, following the find-
ings by Lukes et al. [33] and in line with the suggestions by Ja-
blonowski and von Woedtke [31]. We extend this scenario by demon-
strating that peroxynitrite generated through the interaction between
nitrite and H2O2 reacts further with residual H2O2, leading to the for-
mation of primary singlet oxygen. Extracellular singlet oxygen has been
recently shown to possess selective antitumor cell potential, as it can
inactivate tumor cell protective catalase, at concentration ranges that
are tolerable for nonmalignant cells [57]. We show, that singlet oxygen
generated through nitrite/H2O2 interaction triggers tumor cells to
generate much higher concentrations of secondary singlet oxygen,
causing substantial inactivation of tumor cell protective catalase and
subsequent reactivation of intercellular apoptosis-inducing ROS sig-
naling. These findings explain how CAP and PAM can induce analogous
selective antitumor effects, though PAM only contains long-lived,

Fig. 12. The role of aquaporins and glutathione for
GOX/nitrite-mediated apoptosis induction in tumor
cells
MKN-45 cells were incubated for 14 h without an
inhibitor (A), or 50 μM BSO, an inhibitor of glu-
tathione synthesis (B), or 100 μM sulfasalazine, an
inhibitor of the cysteine-glutamate transporter (C).
After preincubation, the cells were washed, re-
suspended in fresh medium and the compounds were
added (GOX: 0.05 mU/ml, nitrite: 1 mM, Ag+: 5 μM)
individually or in combination, as indicated in the
legend. Apoptosis induction was determined kineti-
cally.
The results show that the kinetics of apoptosis in-
duction in the presence of GOX and nitrite was
characterized by an initial lag phase and was com-
pletely inhibited in the presence of the aquaporin
inhibitor Ag+. When the cells had been pretreated
with either BSO (B) or with sulfasalazine (C), and
thus the intracellular glutathione level had been de-
pleted, the kinetics of apoptosis induction mediated
by GOX/nitrite started without a lag phase and
seemed to be independent of aquaporin function, as
it was not inhibited by Ag+.
Statistical analysis: A: Apoptosis induction in the
presence of GOX/nitrite, as well as inhibition of this
process by Ag+ were highly significant
(p < 0.001). B, C: When cells had been pretreated
with BSO (B) or sulfasalazine (C), and subsequently
treated with GOX/nitrite, their kinetics of apoptosis
induction was shifted leftward in a highly significant
way (p < 0.001) compared to cells without pre-
treatment, but analogous treatment with GOX/nitrite
(A). There was no significant inhibition of apoptosis
induction by Ag+ in cells pretreated with either BSO
or sulfasalazine.
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primarily less reactive molecular species. The secret of their biological
effectiveness is their potential to generate singlet oxygen in close vici-
nity to living cells and to induce a burst of secondary singlet oxygen, if
the targeted cells are tumor cells with their specific redox elements on
their surface.

The role of primary singlet oxygen generated by CAP or PAM-de-
rived H2O2 and nitrite is to trigger the tumor cells to contribute to their
own cell death through the subsequent generation of secondary singlet
oxygen, catalase inactivation, and establishment of intercellular apop-
tosis inducing signaling. As the generation of secondary singlet oxygen,
as well as intercellular apoptosis-inducing signaling requires tumor cell-
specific redox elements like catalase and NOX1, selectivity of apoptosis
induction in tumor cells by CAP and PAM is warranted, as long as the
overall concentration of H2O2 in CAP or PAM is sufficiently low to not
affect nonmalignant cells. The efficiency of this process is determined
by its sustained nature. According to our model, the long-lived species
H2O2 and nitrite from CAP and PAM contribute a minute, but highly
effective triggering part to the overall process, whereas tumor cell-

derived ROS/RNS drive the major part of ROS/RNS-dependent pro-
cesses during their own selective cell death. This is clearly different
from the concepts established by Yan et al., Van Paal et al. and Van
Boxem et al. [81–84], in which CAP or PAM-derived H2O2 has been
suggested to directly cause cell death in tumor cells. These models also
neglected that membrane-associated catalase of tumor cells represents a
strong barrier for exogenous H2O2, whereas nonmalignant cells are
unprotected [43].

Our experimental analysis allowed to draw a model that comprises
three major steps for apoptosis induction in tumor cells by long-lived
species derived from CAP and contained in PAM (Fig. 16 A). These are
singlet oxygen-dependent inactivation of catalase (step #1), aquaporin-
mediated influx of H2O2 into the cells (step #2) and intercellular
apoptosis-inducing signaling (step #3).

Step #1 was initiated by the interaction between CAP or PAM-de-
rived H2O2 and nitrite, mediated by singlet oxygen, and was completed
within 30 min. It finally caused substantial inactivation of membrane-
associated catalase. Step 1 was composed of two distinct, but tightly

Fig. 13. BSO- and sulfasalazine-pretreatment does
not change the quality of intercellular signaling after
application of GOX/nitrite.
The figure shows an extension of the experiment
described in Fig. 12, where assays containing GOX
and nitrite (without or with Ag+) from untreated
cultures or cultures that had been pretreated with
either BSO or sulfasalazine received in addition the
NOX1 inhibitor AEBSF or the HOCl scavenger
taurine.
The results show that under all conditions that al-
lowed HOCl signaling in cells without pretreatment,
HOCl signaling was also demonstrated in BSO- or
sulfasalazine-pretreated cells. This indicates that the
modulation of the glutathione level was without ef-
fect on the quality of intercellular signaling, though
this signaling occurred faster and was independent of
aquaporins.
Statistical analysis: AEBSF and taurine cause highly
significant (p < 0.001) inhibition of apoptosis in-
duction in GOX/nitrite-treated cells, irrespective of
previous pretreatment with BSO or sulfasalazine, or
the absence or presence of Ag+.
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interacting substeps. Substep #1 required the generation of low con-
centrations of “primary singlet oxygen” through the interaction be-
tween nitrite and H2O2, leading to the formation of peroxynitrite.
Peroxynitrite and residual CAP/PAM-derived H2O2 then allow for the
formation of primary singlet oxygen [47,85]. After local inactivation of
few catalase molecules on the surface of the tumor cells by primary
singlet oxygen, peroxynitrite and H2O2 generated by the tumor cells
than allow for the sustained generation of secondary singlet oxygen
(substep #2). Secondary singlet oxygen seems to drive autoamplifica-
tion of singlet oxygen generation as well as further inactivation of
catalase, as determined by inhibitor studies and direct evaluation of
catalase inactivation through an exogenous peroxynitrite challenge.

2) The subsequent aquaporine-mediated step (step #2) was nearly
completed 1 h after addition of GOX and nitrite. It seemed to comprise
intracellular sensitization of the cells for apoptosis induction by ROS
signaling, as inhibition of this step by Ag+ prevented apoptosis induction
despite inactivated catalase and ongoing HOCl signaling. Sensitization
can be explained by glutathione depletion that renders the repair of lipid
peroxidation by glutathione peroxidase-4/glutathione ineffective [77], as
experimental glutathione depletion through BSO and sulfasalazine before
application of H2O2/nitrite rendered apoptosis induction through ROS
signaling independent of the aquaporin function.

3) A subsequent longer-lasting step (step 3) was no longer depen-
dent on direct singlet oxygen action. It was due to intercellular apop-
tosis-inducing signaling through the HOCl signaling pathway, followed
by the mitochondrial pathway of apoptosis and driven by caspases-9
and -3.

Apoptosis-inducing HOCl signaling after CAP/PAM treatment of
cells strictly requires the preceding completion of steps #1 and #2. It is
therefore double-controlled by two interconnected steps. Catalase in-
activation is the essential key for the onset for HOCl signaling and for
H2O2 influx through aquaporins.

The lag phase of about 1 h after addition of H2O2/nitrite to tumor
cells can be explained by the requirement for singlet oxygen generation,
singlet oxygen-mediated catalase inactivation and the aquaporine-
mediated sensitization step through influx of H2O2, before HOCl sig-
naling is established and is effectively inducing apoptosis (Fig. 16).

Experimental dissection of this biological system allowed to study
step #1 - #3 independent of each other, and to determine the molecular
species that were involved in each individual step (Fig. 16 B). The
complexity of these steps requires individual discussion of the under-
lying biochemistry of each step. Analysis and interpretation are espe-
cially challenging, as several molecular species are involved in several
steps, and few are acting specifically at only one defined step. This
interconnection may be the basis for rather tight and coordinated
control of these steps.

4.1. Biochemical analysis of step #1

The proposed concept of generation of primary and secondary
singlet oxygen and its action on membrane-associated catalase is based
on several established findings (Fig. 17 A):

1) As nitrite and H2O2 are both required to trigger apoptosis induction

Fig. 14. Determination of the windows for selective
and nonselective action of GOX/nitrite towards
tumor cells. SiRNA-based analysis.
MKN-45 cells were transfected with irrelevant con-
trol siRNA (siCo) or siRNA directed towards NOX1
(siNOX1). After 24 h, the cells were washed and re-
suspended in fresh medium. Parallel controls ensured
that this treatment had caused more than 90%
knockdown of NOX1 and had also caused subsequent
downmodulation of catalase, as catalase expression
is controlled by active NOX1.
SiCo and siNOX1 cells were treated with the in-
dicated concentrations of GOX, in the absence or
presence of the indicated additions (nitrite 1 mM;
AEBSF 100 μM). The percentages of apoptotic cells
were determined after 3 h.
A. Control cells (SiCo).The results confirm the sy-
nergistic effect between GOX and nitrite in a wide
concentration range, up to 0.18 mU/ml GOX, which
was followed by apoptosis induction even in the
absence of nitrite at higher concentrations of GOX.
Both processes depended on active NOX1, as they
were completely inhibited by AEBSF.
B. SiNOX cells (siNOX1) lack the tumor cell pheno-
type that is characterized by expression of NOX1 and
membrane-associated catalase. These cells are much
more sensitive towards H2O2-mediated apoptosis
induction than siCO cells. There was no indication
for a synergistic effect between H2O2 and nitrite on
these cells, and apoptosis induction under all condi-
tions applied was independent of NOX1-derived su-
peroxide anions.
These data allow to define a window of selective
apoptosis induction in tumor cells without damaging
cells with the nonmalignant phenotype.
Statistical analysis: A: Apoptosis induction in the
presence of GOX or GOX/nitrite is highly significant
(p < 0.001). The differences in the concentration

dependency of these two processes, as well as their inhibition by AEBSF are highly significant (p < 0.001). B: Apoptosis induction by all four combinations of
compounds are highly significant (p < 0.001), but there are no significant differences in their concentration dependencies. However, the concentration dependency
of the group of assays shown under B are highly significant (p < 0.001) from the analogous assays under A.
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in tumor cells, their reaction product peroxynitrite seems to play a
role according to Lukes et al. [33]

NO2
─ + H2O2 → ONOO ‾ + H2O (1)

2) As membrane-associated catalase of tumor cells is efficiently de-
composing peroxynitrite [42], a direct apoptosis-inducing effect of
peroxynitrite derived from nitrite/H2O2 interaction can be excluded.
Furthermore, peroxynitrite formation is rather slow and the steady
state concentration of peroxynitrite has been reported to be low as
well [33].

3) Due to the slow reaction of H2O2 with nitrite, peroxynitrite as well
as H2O2 can be predicted to be coexisting in the assays.Therefore,
the interaction of these two species should allow the formation of
primary singlet oxygen, according to the findings by Di Masico et al.
[85]. These authors were the first to demonstrate that the interac-
tion between H2O2 and peroxynitrite caused the generation of
singlet oxygen. They proposed the Russel reaction as underlying
mechanism for singlet oxygen generation (Fig. 17 A).

4) Primary singlet oxygen may then cause local inactivation of few
molecules of membrane-associated catalase through reaction with a
histidine residue in their active center [86,87].

5) As deduced from model experiments with the singlet oxygen gen-
erator photofrin, local inactivation of catalase on tumor cells alone
is not sufficient to reactivate intercellular apoptosis-inducing ROS/
RNS signaling [57]. Rather, massive generation of secondary singlet
oxygen by the tumor cells, followed by substantial inactivation of
catalase seems to be required. In line with this conclusion, inhibition
of NOX1 with AEBSF and NOS with L-NAME completely prevented
catalase inactivation by nitrite/H2O2 interaction. This points to the

dominating role of secondary singlet generation in this scenario.
6) Local inactivation of catalase generates a site at which tumor cell-

derived H2O2 and peroxynitrite are not decomposed. This allows for
the generation of secondary singlet oxygen in a sustained mode, as
the required precursors for singlet oxygen generation, i. e. H2O2 and
peroxynitrite, are constantly produced due to the activity of NOX1
and NOS.

7) As a result, locally generated secondary singlet oxygen may in-
activate neighbouring catalase molecules on the surface of the
tumor cells and then establish autoamplificatory 1O2 generation.
This process is further enhanced by singlet oxygen-dependent acti-
vation of the FAS receptor and the resultant stimulatory effects on
NOX1 and NOS [50,57].

The scheme shown in Fig. 17 A is in line with the inhibition of
catalase inactivation by nitrite/H2O2 in the presence of histidine,
FeTPPS, EUK-134, AEBSF, L-NAME and caspase-8 inhibitor.

However, this scheme does not explain the strong inhibitory effect
of the hydroxyl radical scavenger mannitol on catalase inactivation that
has been found in our experiments.

Furthermore, though the generation of singlet oxygen after inter-
action between H2O2 and peroxynitrite as determined by DiMascio
et al. [85] (Fig. 17 A) remains undisputed, the Russel reaction suggested
by these authors as underlying mechanism is directly contradicted by
the data obtained by Alvarez et al. [88]. These authors showed that two
molecules of peroxynitrite are required to obtain one molecule of
singlet oxygen, whereas the Russel mechanism would require only one
molecule of peroxynitrite per one molecule of singlet oxygen.

A role for a dominant function of hydroxyl radicals during the
process of inactivation of catalase by nitrite/H2O2 treatment can be
suggested, when the reaction between hydroxyl radicals (derived from

Fig. 15. Determination of the windows for selective
and nonselective action of GOX/nitrite towards
tumor cells. Inhibitor-based analysis.
The experiment was performed in a mode analogous
to the experiment described in Fig. 14, with the ex-
ception that tumor cells were not pretreated with
siRNA, but cells described under B had been pre-
treated in the presence of 100 μM AEBSF for 14 h.
Inhibition of NOX1 for 14 h has a profound negative
effect on the expression of catalase [43]. Therefore,
the cells pretreated with AEBSF and further culti-
vated in the presence of AEBSF had a NOX1 nega-
tive/catalase negative phenotype. Treatment of these
cells with GOX, in the absence or presence of nitrite
showed that they were more sensitive to apoptosis
induction by H2O2 and were not able to respond to
the a synergistic effect between H2O2 and nitrite that
is shown for control cells.
Statistical analysis: A: Apoptosis induction in the
control assays and in the presence of additional ni-
trite, as well as their inhibition by AEBSF are highly
significant (p < 0.001). The differences in the con-
centration dependencies are highly significant
(p < 0.001). B: Apoptosis induction in both groups
is highly significant (p < 0.001). There are no sig-
nificant differences with respect to concentration
dependencies between the two groups, but highly
significant differences (p < 0.001) when the groups
shown in B are compared to the respective groups
under A.
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decomposition of peroxynitrous acid) with H2O2 is considered. (Fig. 17
B). The resultant hydroperoxyl radicals may then interact with NO2, the
second decomposition product of peroxynitrous acid, and generate
peroxynitric acid (O2NOOH) [89]. This opens the path for singlet
oxygen generation from peroxynitrate [90].

Based on the inhibitor data obtained in this study, on established
chemical biology of the molecular species involved and on related
singlet oxygen-dependent processes [47,57,74], the following sequence
of primary and secondary singlet oxygen generation initiated by H2O2/
nitrite interaction with tumor cells is therefore proposed:

A. Generation of primary singlet oxygen :

NO2
─ + H2O2 → ONOO ‾ + H2O (2)

ONOO ─ + H+ → ONOOH (3)

ONOOH → ●NO2 + ●OH (4)
●OH + H2O2 → H2O + HO2

● (5)
●NO2 + HO2

● → O2NOOH (6)

O2NOOH → O2NOO‾ (7)

O2NOO ─ → 1O2 + NO2‾ (8)

O2NOO ─ → O2
●‾ + ●NO2 (9)

Detailed information about equation (2) can be found in reference
[33], about (4) in [91] and [92], about (5) in [93], about (6) in [89],
about (8) and (9) in [89] and [90].

This sequence of reactions is supported by the requirement for
exogenous H2O2 and nitrite, by the inhibitory effects of EUK-134
(catalase mimetic), FeTPPS (peroxynitrite decomposition catalyst),
mannitol (hydroxyl radical scavenger) and histidine (singlet oxygen
scavenger) (Fig. 17 B). Furthermore, Girard et al. [94] have confirmed
that peroxynitrite can be detected after CAP treatment of buffer at
neutral pH. However, peroxynitrite cannot cause apoptosis induction of
tumor cells directly, as it is efficiently decomposed by membrane-as-
sociated catalase [42,43], but its role for the generation of singlet
oxygen is essential. The role of peroxynitric acid/peroxynitrate was not
directly established by inhibitor experiments in this study, as no dis-
criminative inhibitors for these two compounds are available. However,
Kitano et al.,Ikawa et al. and Liu et al. [95–97] have demonstrated the
presence and functionality of peroxynitric acid (O2NOOH) and perox-
ynitrate (O2NOO‾) in PAM. This is in line with our concept and
therefore supports the suggested reaction mechanism. Based on the
short-lived nature of peroxynitrate/peroxynitric acid, it seems rather
unlikely that peroxynitrate/peroxynitric acid that is detectable in PAM
was generated during the interaction between CAP and medium. It
seems more likely that the occurrence of peroxynitrate/peroxynitric
acid in PAM is due to the interaction between the long-lived species
nitrite and H2O2, as delineated in equations (2)–(8) above.

As protonation of peroxynitrite is favoured by proton pumps in close
vicinity of the cell membrane, the alternative reaction between perox-
ynitrite and CO2 [98–100] is outcompeted there and the formation of
peroxynitrous acid is favoured. Therefore, the crucial reactions of
generation and subsequent decomposition of peroxynitrous acid are
exactly located at the right site, i. e. at the membrane, where the
generation of primary singlet oxygen is required for initial inactivation
of membrane-associated catalase. 1O2 generated at this site, has a
chance to actually reach its target. It can be predicted that the gen-
eration of singlet oxygen is restricted to a zone above the cell mem-
brane where peroxynitrite and H2O2 are out of reach of the decom-
posing activity of catalase that is bound to the membrane, but
sufficiently close to the proton pumps that are required for the gen-
eration of peroxynitrous acid.

After local inactivation of membrane-associated catalase, secondary
singlet oxygen is generated at the site of inactivated catalase through
the following reactions [101]:

2 O2
● ─ + 2H+ → H2O2 + O2 (10)

This is achieved through NOX1 activity and subsequent spontaneous
or SOD-driven dismutation. Then NOX-derived superoxide anions and
NOS-derived NO generate peroxynitrite [61,91,102–104]:

O2
● ─ + ● NO → ONOO ─ (11)

Tumor cell-generated H2O2 and ONOO ─ then interact according to
equations (2)–(8) as shown above, following the same sequence of
biochemical events as delineated for primary singlet oxygen generation.

Thus, there is a strong overlap between the mechanisms of gen-
eration of primary and secondary singlet oxygen. The discriminating
difference is localized at the onset of the reactions: primary singlet
oxygen generation starts with H2O2 derived from CAP and peroxynitrite
generated through the interaction between CAP-derived H2O2 and ni-
trite, whereas secondary singlet oxygen generation starts directly with
H2O2 and peroxynitrite supplied by NOX1 and NOS of the tumor cells.
Whereas primary singlet oxygen generation seems to be a rare and
limiting process, the generation of secondary singlet oxygen is sustained
and continuously driven by NOX and NOS, as soon as local inactivation
of catalase has been achieved by primary singlet oxygen.

The activity of these two enzymes is further enhanced by singlet
oxygen-mediated FAS receptor activation [ [105–108], reviewed in Ref.
[50]].

The partial congruence as well as the overlap between the me-
chanisms of primary and secondary singlet oxygen generation were
confirmed in a further analysis [Bauer, adjacent manuscropt]. This
extended study dissected step #1 into the initial rare primary singlet
oxygen generation and subsequent massive secondary singlet oxygen
generation, thereby demonstrating the dynamics of autoamplificatory
bystander signaling in more detail.

The mechanisms of primary and secondary singlet oxygen

Fig. 16. Distinct steps and substeps during apoptosis induction in tumor cells by the synergistic effect between H2O2 and nitrite.
A. Basic steps and substeps. a) Addition of plasma-activated medium, i. e. the long-lived species derived from CAP action to tumor cells is mimicked in this study by
the essential model compounds H2O2 and nitrite. Within less than 30 min, the interaction of H2O2 and nitrite leads to the formation of primary singlet oxygen,
subsequent generation of secondary singlet oxygen and finally substantial inactivation of protective catalase. b) at the site of inactivated catalase, the influx of H2O2

into the cells is possible. This causes intracellular depletion of GSH and thus the effect of glutathione peroxidase-4/GSH on lipid peroxidation is abrogated. This step is
completed after about 60 min and sensitizes the cells for apoptosis induction by intercellular apoptosis-inducing ROS signaling. c) Intercellular apoptosis-inducing
signaling through the HOCl signaling pathway requires preceding inactivation of catalase and aquaporine-mediated GSH depletion. It leads to lipid peroxidation and
the induction of the mitochondrial pathway of apoptosis.
B. Molecular species involved in the essential steps. Generation of primary singlet oxygen is based on the generation of peroxynitrite through the interaction between
H2O2 and nitrite, followed by singlet oxygen generation through H2O2/peroxynitrite interaction as shown in Fig. 17 B, involving the listed species as inter-
mediates.Generation of secondary singlet oxygen by the tumor cells is based on NOX1 and NOS that lead to the generation of cell-derived H2O2 and peroxynitrite.
Their interaction leads to the formation of singlet oxygen as shown in Fig. 17 B.
Inactivation of catalase is essentially mediated by secondary singlet oxygen. Sensitization of tumor cells is achieved through influx of H2O2 through aquaporins.
Intercellular apoptosis-inducing signaling as studied here was driven by NOX1, mediated by the compounds of the HOCl signaling pathway and finalized by the
mitochondrial pathway of apoptosis (MPA) using caspase-9 and -3. Supplementation with NO allowed for the establishment of the NO/peroxynitrite signaling
pathway.
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generation as described in Fig. 17 B seems to be more conclusive than
alternative mechanistic suggestions, mainly as these are not in line with
the inhibitor data obtained in this study.

The theoretical schemes for primary and secondary singlet oxygen
formation shown in Fig. 18 A are in principal agreement with most of
our findings. However, they do not include any role of peroxynitrate/
peroxynitric acid, but rather explain the final step of singlet oxygen
generation through the interaction between hydroperoxyl radicals:

2 HO2
● → H2O2 + 1O2 (12)

A large number of publications is in favour of singlet oxygen gen-
eration through hydroperoxyl interaction [101,109–118]. Therefore,
our initial model on the potential CAP mechanism [76] also contained
this detail of singlet oxygen generation through hydroperoxyl radical
interaction. None of the publications that favour hydroperoxide inter-
action during singlet oxygen generation has been retracted to my
knowledge. Nevertheless, singlet oxygen generation through the reac-
tion between two hydroperoxyl radicals or between superoxide anions
and hydroperoxyl radicals has often been questioned and strongly dis-
puted [119–122]. In addition, the scheme shown in Fig. 18 A does not
take into account the actual finding of peroxynitrate and peroxynitric
acid by Kitano et al. Ikawa et al. and Liu et al. [95–97]. Our view on
these aspects gets further supported by the finding on the central role of
PAM-contained peroxynitric acid for its antibacterial effects [95–97]
and the finding on the strong potential of PAM-derived singlet oxygen
for the killing of bacteria [123]. This connection allows to speculate on
an analogous mechanistic setup of antibacterial effects of PAM and the
selective antitumor effects as studied here. Therefore, our present view
favours the reaction schemes shown in Fig. 17 B, rather than the
schemes in Fig. 18 A.

Finally, the modification of the reaction scheme as shown in Fig. 18
B, in which peroxynitric acid is suggested to be directly generated
through the reaction between peroxynitrite and H2O2 [95] is not in line
with our inhibitor data, as it does not include the experimentally de-
termined dominant role of hydroxyl radicals.

● The most important and novel conclusion from our data related to
step 1 is the concept that it is sufficient for PAM- and CAP-derived
species to act as a trigger that interacts with the switchboard on the
tumor cells. This then induces an tumor cell-driven, strong auto-
amplificatory mechanism for tumor cell destruction. Therefore, only
low concentrations of triggering compounds need to be present and
generated in PAM and CAP. These do not harm non-malignant cells,
as these cells do not possess the necessary switchboard, whereas in

tumor cells a massive self-sustaining chain of effects, driven by their
malignant features, establishes a selective antitumor effect. Work in
progress shows that the concept established by using a H2O2 source
in combination with nitrite is congruent with the mechanism of
apoptosis induction in tumor cells by a plasma source [Bauer et al.,
manuscript submitted].

4.2. Biochemical analysis of step 2

As soon as step 1 is completed, the subsequent steps 2 and 3 are
independent of the presence of CAP- or PAM-derived molecular species,
as they are completely driven by tumor cell-specific enzymes. This is
explicitely proven by the fact that intercellular apoptosis inducing
signaling (step 3) is occurring after removal of PAM and CAP-related
species after completion of step 1, as shown in Fig. 11.

As intercellular apoptosis inducing signaling is inhibited by the
aquaporine inhibitor Ag+, step 2 seems to occur before the onset of
apoptosis induction, but is not completed at the point of optimal cat-
alase inactivation by singlet oxygen. It seems to consist of influx of cell-
derived extracellular H2O2 through aquaporins, leading to a depletion
of intracellular glutathione. This conclusion is based on the finding that
the aquaporin-mediated step can be mimicked experimentally through
depletion of glutathione before the experiment. This can be predicted to
prevent glutathione peroxidase-4 dependent correction of lipid perox-
idation [77]. In this way the interference of glutathione peroxidase-4/
glutathione with hydroxyl radical-mediated apoptosis induction
through lipid peroxidation is abrogated and the cells are sensitized for
the biochemical effects of intercellular apoptosis-inducing signaling.
Importantly, the aquaporin-dependent step is a central step, but seems
to occur only after inactivation membrane-associated catalase, as cat-
alase is preventing the influx through aquaporins. Therefore, our find-
ings do not favour the concept of primary, determining function of
aquaporins for determination of selectivity of CAP and PAM action,
according to the model presented by Yan et al. [81,82]. We strongly
agree with Yan et al., that the role of aquaporins is dominant and
central. However, according to our findings, an important aquaporin-
dependent step is located between step 1 and step 3. Our suggestion for
the dominant and therefore important function of aquaporins is ex-
plicitely shown in Fig. 11 A and B, as intercellular HOCl as well as NO/
peroxynitrite signaling after catalase inactivation were completely
prevented when aquaporine function had been inhibited. Importantly,
the biological role of aquaporins was only significant in tumor cells
with preceding inactivation of membrane-associated catalase by CAP or
PAM.

Step #3 in the experimental system presented here was classical

Fig. 17. Alternative schemes for the biochemical mechanisms for the generation of primary and secondary singlet oxygen.
A. NADPH oxidase 1 (NOX1) is expressed in the membrane of malignant cells and generates extracellular superoxide anions (#1). NO synthase (NOS) (#2) generates
NO which can be either oxidised by NO dioxygenase (NOD) (#3) or pass through the cell membrane. Membrane-associated catalase (#4) protects tumor cells towards
intercellular ROS/RNS-mediated signaling through decomposition of H2O2 and peroxynitrite, as well as oxidation of NO (not shown in the figure). Comodulatory
SOD (#5) is required to prevent superoxide anion-mediated inhibition of catalase. Further important elements in the membrane are the FAS receptor (#6), Dual
oxidase (DUOX) (#7), from which a peroxidase domain is split through matrix metalloprotease, proton pumps (#8) and aquaporins (#9).
H2O2 and nitrite, two long-lived species from plasma-activated medium, interact and generate peroxynitrite (#10) [33]. The interaction between peroxynitrite and
residual H2O2 allows for the generation of singlet oxygen (#11) through the Russell reaction, according to DiMasico et al. [85]. This primary singlet oxygen causes
local inactivation of catalase (#12). As a consequence, generation of secondary singlet oxygen by the tumor cells is established at the site of inactivated catalase,
where H2O2 (#13) and peroxynitrite (#14) generate secondary singlet oxygen (1O2) (#15). Singlet oxygen may then either inactivate another molecule of catalase
(#16) or activate the FAS receptor (#17). This causes activation of NOX1 and NOS activities (#18, #19), which causes further enhancement of singlet oxygen
generation. Fig. 17 A indicates the site of action of specific inhibitors/scavengers that interfere with the outlined pathways. It is obvious, that the experimentally
determined role of hydroxyl radicals (scavenging by mannitol) is not explained by this scheme.
B. Completed picture of primary and secondary singlet oxygen generation.Steps # 1 – #10 in Fig. 17 B are identical to those shown in Fig. 17 A. Rather than direct
interaction between H2O2 and peroxynitrite, the sequence defined by steps # 11 - #16 is suggested. It is in line with all inhibitory data established and with the
findings in the literature. It is based on generation of peroxynitrous acid (#11), generation of hydroxl radicals through decomposition of peroxynitrous acid (#12),
and on hydroperoxyl radicals (#13) that are derived from hydroxyl radical/H2O2 interaction. The interaction between hydroperoxyl radicals and NO2 leads to the
generation of peroxynitric acid (O2NOOH) (#14). Deprotonation of peroxynitric acid establishes the formation of peroxynitrate (#15) and the generation of singlet
oxygen (#16) that causes local inactivation of catalase (#18). The generation of secondary singlet oxygen starts with free H2O2 (#18) and peroxynitrite (#19),
followed by reactions #20 - #24, in analogy to the reactions described for primary singlet oxygen.The scheme presented in Fig. 17 B is in perfect agreement with all
of our experimental findings and the literature.
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Fig. 18. Alternative mechanisms for the generation of primary and secondary singlet oxygen.
A. This scheme differs from the preferred scheme shown in Fig. 17 B with regard to the reaction of hydroperoxyl radicals with each other (# 14), leading to the
generation of singlet oxygen. In Fig. 17B, hydroperoxyl radicals are proposed to react with NO2, instead. The scheme shown in Fig. 18 A is in principle agreement
with all of our inhibitor data, but is (partially) disputed by the literature (please find details under Discussion).
B. Generation of peroxynitric acid through interaction of peroxnitrous acid with H2O2, as suggested here, leads to a reaction scheme that does not include any role of
hydroxyl radicals. It is therefore not in agreement with our inhibitor data. Therefore, even if this reaction has a chance to occur under the experimental conditions, its
contribution to the overall process seems to be neglectable.
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HOCl signaling, as described in several other systems of control of
malignant cells [44,60,61] (Fig. 20 A). It is based on dismutation of
superoxide anions to H2O2, use of H2O2 of the peroxidase domain of
DUOX for the generation of HOCl [44] and HOCl/superoxide anion
interaction leading to the generation of hydroxyl radicals [124,125].
These induce lipid peroxidation and thus trigger the mitochondrial
pathway of apoptosis (Fig. 20 B).

Expression of HOCl signaling requires optimal inactivation of tumor
cell protective catalase. At less sufficient catalase inactivation, or after
experimental supply with an NO donor, NO/peroxynitrite signaling is
conceivable [45].

This picture includes the data derived from this study and from
previous work of my group. It fully includes the important findings by
Keidar's group on the dominant role of aquaporins for CAP and PAM
effects [82,83]. However, the time of action of aquaporins has been
determined in this study to be located after inactivation of membrane-
associated catalase. Otherwise, catalase would prevent H2O2 influx
through aquaporins.

Bekeschus et al. [126]. detected no extracellular singlet oxygen in
close vicinity to the cell membrane during the initial steps of CAP ac-
tion, but measured mitochondrial singlet oxygen late after plasma
treatment. The nondetectibility of singlet oxygen that, according to our
functional measurements, seems to be relevant initially, might be ex-
plained by the low overall concentration of singlet oxygen and its
generation in close vicinity to the belt of membrane-associated catalase.
Catalase, with its histidine-containing active center might act as a
competing scavenging system that counteracted the detection. The
study by Bekeschus et al. did also not include testing of functional re-
levance of singlet oxygen. Singlet oxygen generation during the late
phase of CAP action, i. e. during the execution of the mitochondrial
pathway is not unexpected, as the release of cytochrome c from the
mitochondria during the mitochondrial pathway of apoptosis causes
mitochondrial dysfunction and massive generation of superoxide anions
and H2O2. In light of the recently determined potential of cytochrome c
to use H2O2 as substrate for HOCl synthesis [Bauer, unpublished result),
singlet oxygen generation through the interaction between H2O2 and
HOCl [127] seems feasible. However, as late addition of the singlet
oxygen scavenger histidine had no inhibitory effect on apoptosis in-
duction in our study, it seems more likely that this late singlet oxygen
generation reflects a consequence rather than a cause of apoptosis in-
duction.

This study was focused on the synergistic effect between H2O2 and
nitrite, leading to the generation of singlet oxygen and triggering of an
autoamplificatory process, in which tumor cells, but not nonmalignant
cells, were contributing to their own cell death through promotion of
secondary singlet oxygen generation, catalase inactivation and re-
activation of intercellular apoptosis-inducing ROS signaling. It presents
experimentally derived data obtained with defined pure compounds
that seem to explain a dominant path for the antitumor action of CAP
and PAM. The significance of these data for induction of tumor cell
apoptosis by application of CAP and PAM derived from a real plasma
source has been meanwhile confirmed (Bauer et al., in preparation).

The data presented here do, however, not exclude the possible

existence of other potential tumor cell death triggering compounds in
PAM or CAP. Therefore we should not ignore potential roles of other
ROS/RNS in this context.

Looking at PAM first, we realize that certain potential candidate
compounds like singlet oxygen or ozone, derived from the gaseous
phase of CAP, can be excluded as acting compounds in PAM, due to
their extreme short life time which is based on their high reactivity.
However, Kurake et al. (29) recognized, that nitrite and H2O2 applied in
reconstitution experiments were excellently mimicking, and thus ex-
plaining the effect of PAM, but did not perfectly match in a quantitative
way. Therefore, Kurake et al. (29) concluded that PAM should contain
additional effectors to induce tumor cell death. These effectors acted
obviously less dominant than the combination of nitrite and H2O2, and
therefore have not yet been defined (29). Therefore, further investiga-
tion on additional candidate compounds in PAM are demanding. These
studies should also include the search for reaction products between
biomolecules and CAP-/PAM-derived ROS/RNS, which might have ac-
quired signaling function after their reaction with ROS/RNS.

Looking at CAP, it is obvious that singlet oxygen derived from the
gaseous phase of CAP should have the same triggering potential for
tumor cell death as singlet oxygen generated from nitrite/H2O2 inter-
action. The limitation here, is the very high reactivity of singlet oxygen
with biological material, which prevents singlet oxygen to reach its
target cells when these are covered by medium in vitro or other tissue in
vivo. An increase in singlet oxygen production by the plasma source, in
combination with the experimental conditions (e. g. layer of medium or
mode of application in vivo) might be useful for this issue. This con-
sideration can be directly applied to the analysis of the potential effects
of ozone and to the evaluation of conceivable synergistic effects es-
tablished through the interaction between CAP-derived NO, peroxyni-
trite or NO2 with singlet oxygen-mediated processes. In addition, it
seems to be very promising to study in detail the effects of chlorine/
chloride-related compounds in CAP, based on the connection between
atomic oxygen and the formation and biological significance of hypo-
chlorite/hypochlorous acid as shown by Bekeschus et al., [128], the
multifaceted chemical biology of hypochlorite/hypochlorous acid and
dichloride anion radicals as established by Wende et al. [129]. and the
potential of hypochlorous acid to interfere with catalase activity, in
addition to its potential to generate hydroxyl radicals through inter-
action with superoxide anions, as discussed by Krych-Madej and Ge-
bicka [130].

These considerations show that despite defining one path for spe-
cific induction of tumor cell apoptosis by long-lived species in CAP and
PAM, our study has not finalized the search for active ROS/RNS in CAP
and PAM, but rather opened a new field of experimentation, with the
goal to understand and optimize CAP and PAM applications in patients
in the future.

Though the model of H2O2/nitrite-dependent selective apoptosis
induction in tumor cells already contains an appreciable amount of
complexity, it does by no means summarize the whole process of CAP
and PAM-triggered antitumor effects in vivo. As CAP and PAM-mediated
cell death has been characterized as immunogenic cell death [131–139]
and as immunogenic cell death has been shown to act as a necessary

Fig. 19. Apoptosis induction in tumor cells by primary singlet oxygen generated through the interaction of the longlived species H2O2 and nitrite from CAP/PAM.
A. The membrane of tumor cells is characterized by expression of NOX1 that generates extracellular superoxide anions (#1). NOS activity generates NO that passes
the cell membrane (#2). Membrane-associated catalase protects towards HOCl and NO/peroxynitrite signaling through decomposition of H2O2 and nitrite (#3).
SOD ensures catalase activity through partial removal of inhibitory superoxide anions (#4). Other essential elements are proton pumps (#5), aquaporins (#6), the
FAS receptor (#7) and Dual oxidase (DUOX), consisting of a NOX and peroxidase domain (#8). Primary singlet oxygen (1O2) (#9) generated through the interaction
between H2O2 and nitrite (as outlined in Fig. 17 B) causes local inactivation of catalase.
At the site of inactivated catalase, H2O2 generated through dismutation of superoxide anions (#10) has a chance to pass into the cell through aquaporins (#11). I twill
be subsequently be decomposed by glutathione peroxidase-4/glutathione (# 12) and thus lower the intracellular level of GSH.
B. At the site of inactivated catalase, free cell-derived H2O2 and peroxynitrite have a chance to interact (#1) and generate secondary singlet oxygen (#2) according to
the reactions defined inFig. 17 B. Please note that for simplicity of the graph, this complex interaction is summarized here as two simple lines. Secondary singlet oxygen
causes inactivation of further catalase molecules (#3, #4), leading to amplification of secondary singlet oxygen generation (#5, 6). As a consequence, intrusion of
H2O2 into the cells will increase (#7) and lead to further decrease in the concentration of GSH (#8, #9).
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Fig. 20. Continuation of the processes described in Fig. 19
A. After sufficient inactivation of catalase molecules, the concentration of free H2O2 is sufficiently high to allow for HOCl formation through peroxidase (POD) (#1 -
#3). HOCl then interacts with superoxide anions, resulting in the generation of hydroxl radicals (#4). This leads to lipid peroxidation (#5), which, at this points
remains still without apoptosis-inducing effect due to the activity of glutathione peroxidase/GSH (#6). Due to extensive inactivation of catalase (#7), continuous
intrusion of H2O2 causes further depletion of GSH (#7, #8). Under certain conditions, NO/peroxynitrite signaling will lead to lipid peroxidation (#9 - #12).
B. As soon as the intracellular GSH level is sufficiently depleted by constant influx of H2O2, lipid peroxidation has a chance to trigger the mitochondrial pathway of
apoptosis (#1 - #7), as described in Bauer, 2017 a. Sphingomyelinase (SMAse), cytochrome C (Cyt c), APAF and procaspases/caspases-9 and -3 have essential
functions during execution of apoptosis.
In vivo, the completion of these steps has a good chance to act as immunogenic cell death and to trigger a subsequent T cell-dependent antitumor mechanism.
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final step in tumor therapy [140–145], cell death triggered by nitrite
and H2O2 seems to first control a complex, selfsustaining and auto-
amplificatory process selectively in tumor cells. This is then most likely
triggering a likewise complex, intercalated and specific immunological
process. The detailed knowledge on the initial process of selective cell
death is hopefully instrumental to establish and to improve rational
designs of tumor treatment by CAP and PAM in the future. In addition,
these findings might hopefully open the path to rationally determine
potential synergistic effects that should allow to increase the efficiency
and selectivity of CAP and PAM treatment while lowering potential
unwanted side effects.

This study defined a concentration range of H2O2 (approximately
between 10 and 80 μM in which H2O2 caused selective apoptosis in-
duction in tumor cells, provided it was applied together with nitrite, but
not without nitrite. It was obvious that the clue for selective apoptosis
induction in tumor cells, was to work with concentrations of H2O2 that
are too low to induce apoptosis in nonmalignant cells, but high enough
to establish the synergistic effect together with nitrite on tumor cells.
This principle should be kept in mind for CAP and PAM applications
that modulate the composition of CAP and PAM.
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